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Galactic Effects on Habitability
Nathan A. Kaib
Abstract The local galactic environment has been suspected to influence plane-
tary habitability in numerous ways. Very metal-poor regions of the Galaxy, or those
largely devoid of atoms more massive than H and He, are thought to be unable to
form habitable planets. Moreover, if such planets do form, the newly formed system
is subjected to close stellar passages while it still resides in its stellar birth clus-
ter. After star clusters disperse, various potential hazards still remain. For instance,
the central galactic regions may present risks to planetary habitability via nearby
supernovae, gamma ray bursts (GRBs), and frequent comet showers. In addition,
planets residing within very wide binary star systems are affected by the Galaxy, as
local gravitational perturbations from the Galaxy can increase the binary’s eccen-
tricity until it destabilizes the planets it hosts. Here we review the most recent work
on the main galactic influences over planetary habitability. Although there must be
some metallicity limit below which rocky planets cannot form, recent exoplanet sur-
veys show that they form around stars with a very large range of metallicities. Once
formed, the probability of star cluster environments destabilizing planetary systems
only becomes high for rare, extremely long-lived clusters. Regarding the threats to
habitability from supernovae, GRBs, and comet showers, many recent studies of
these processes suggest that their hazards are more limited than originally thought.
Finally, denser regions of the Galaxy will enhance the threat that very wide binary
companions pose to planetary habitability, but the probability that a very wide binary
star will disrupt habitability will always be substantially below 100% for any galac-
tic environment. While some regions of the Milky Way must be more hospitable to
habitable planets than others, it is very difficult to state that habitable planets are
confined to any well-defined region of the Galaxy or that any other particular region
of the Galaxy is completely devoid of habitable planets.
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2 Nathan A. Kaib
Introduction
Because the typical distances between stars are so great, it is tempting to think of
planetary systems as self-contained, isolated systems separate from the rest of the
Galaxy. For many considerations, this picture is perfectly valid. However, there is a
level of connection between a planetary system and its local galactic environment,
and this can sometimes have dramatic consequences for the formation and evolu-
tion of planetary systems. Because the processes of planetary formation and evo-
lution are strongly tied to habitability, there is also a link between the Galaxy and
planetary habitability. Specifically, the metallicity of the local interstellar medium
(ISM) should influence the efficiency of terrestrial planet formation around stars
by setting the mass of solids in their protoplanetary disks (e.g. Lissauer 1995).
Moreover, after planet formation is complete, planetary systems can be destabi-
lized by close encounters with other stars while they still inhabit their crowded birth
clusters (Mottmann 1977; Gaidos 1995; Adams and Laughlin 2001). After leaving
their birth clusters, they can exposed to (and possibly sterilized by) nearby energetic
events such as supernovae (Ellis and Schramm 1995) and gamma ray bursts, or
GRBs (Thorsett 1995). In addition, there are the gravitational effects of the Galaxy
to consider. The most distant portion of our own solar system, the Oort cloud, is
continually perturbed by the gravity of passing field stars as well as the tide of the
Milky Way’s disk (Oort 1950; Heisler and Tremaine 1986; Heisler et al 1987). By
driving orbits of Oort Cloud objects to very high eccentricities, both of these pertur-
bations place long-period comets on orbits that pass near (and potentially impact)
Earth (Hills 1981; Matese et al 1995; Kaib and Quinn 2009). In a very similar man-
ner to Oort cloud objects, these same galactic perturbations can drive the orbits of
very wide binary stars through phases of very high eccentricity (Jiang and Tremaine
2010; Kaib and Raymond 2014), and the typical very wide binary will pass through
one or more of these brief high eccentricity phases (Kaib et al 2013). This process
can make very wide stellar companions quite hazardous to the stability of planetary
systems, since the planets can spend Gyrs with minimal gravitational interactions
with the star before undergoing numerous close encounters with the stellar compan-
ion when it attains a high orbital eccentricity (Kaib et al 2013). Thus, a range of
different processes must be considered when thinking about the Galaxy’s influence
over planetary habitability. With this in mind, we will review each one of these pro-
cesses in detail in the sections below and assess how strongly it influences planetary
habitability.
Galactic Metallicity
The first exoplanets ever discovered around main sequence stars were Jovian mass
bodies (e.g., Mayor and Queloz 1995). After the first few discoveries, it was quickly
realized that metal-rich stars (stars enriched with atoms more massive than H and
He) are much more likely to host these types of planets than their metal-poor coun-
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terparts (Gonzalez 1997). While this effect was initially thought to be due to metal-
pollution from accreted planetary material, it has since been definitively shown in-
stead that a high primordial metallicity of the proto-star enhances the formation of
giant planets (e.g., Gonzalez 1997, 1998; Santos et al 2003). Fischer and Valenti
(2005) found that stars with a metallicity 0.3 dex or more above solar metallicity
were ∼10 times more likely to host a giant planet than stars with metallicities 0.5
dex or more below the Sun’s. On the surface, this result suggests that the over-
all presence of planets (and therefore habitable planets) is strongly dependent on
the host star’s metallicity, which is of course determined by the metallicity of the
Galaxy’s interstellar medium (ISM) (e.g. Matteucci and Francois 1989). Since the
Milky Way’s ISM metallicity generally falls off with galactocentric distance, this
would in turn imply that planets should be relatively common near the Galactic cen-
ter, while the outer regions of the Milky Way’s disk should be largely devoid of
planets (Gonzalez et al 2001; Lineweaver et al 2004).
However, it is less clear there is a strong correlation between stellar metallicity
and the prevalence of less massive planets. Using the catalog of exoplanet candidates
discovered by the Kepler mission (Borucki et al 2010), Buchhave et al (2012) found
that planets with radii below 4 R⊕ are found around a wide range of stellar metallic-
ities unexpected by extrapolation of the giant planet metallicity dependence down to
lower masses. Followup work continued to find a lack of evidence for a metallicity
dependence on low-mass planet formation (Buchhave and Latham 2015). However,
some of these works may suffer from systematic errors (Zhu et al 2016). Moreover,
lower mass planets generally seem to be much more common than high-mass plan-
ets, and this combined with the difficulty of their detection may hide any correlation
between their formation and stellar metallicity (Zhu et al 2016). Nevertheless, at a
minimum it remains unclear how strongly dependent the prevalence of terrestrial
mass planets is on stellar metallicity and, hence, the Galaxy’s metallicity gradient.
Another important consideration is the key role that plate tectonics has played
in maintaining Earth’s habitability. The concept of a greenhouse effect regulated
by geological activity is thought to be a requirement for long-term climate stability
(Kasting et al 1993), and a large portion of the internal heat that drives Earth’s
plate tectonics is thought to be generated from the decay of 235,238U, 232Th, and
40K (e.g., Fowler 1990; Korenaga 2011). Historically, Th and U have traditionally
been thought to originate during type-II supernovae (Burbidge et al 1957; Woosley
and Weaver 1986). Thus, maintaining a steady supply of these unstable isotopes
in the ISM seemed to require regular type-II supernovae, in turn requiring recent
star formation. Moreover, although K can be synthesized through several processes
(e.g., Busso et al 1999; Herwig 2005), its dispersal into the ISM likely mainly
takes place through supernovae as well. Under this framework, as star formation
falls off in the Milky Way over time, the injection rate of these elements into the
ISM also falls off, while iron’s injection rate does not change as much (McWilliam
1997). Consequently, this predicts that on average, terrestrial planets on average
should have a smaller mass fraction of radiogenic isotopes if they are formed at late
epochs when the galactic star formation rate is lower compared to planets formed
during earlier epochs with a higher star formation rate (Gonzalez et al 2001). This
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suggests that the ability to form planets with plate tectonics may be dependent on
the Galaxy’s star formation history.
However, neutron star mergers, which require the existence of massive stars but
are less temporally tied to their life cycles, are also a proposed pathway for U and
Th production (Eichler et al 1989; Freiburghaus et al 1999). The fist observation of
such an event through the detections of both the optical and gravitational wave sig-
natures has confirmed that neutron star mergers are a major, and likely the dominant,
contributor to r-process elements, including U and Th (e.g. Abbott et al 2017b,a,c;
Cowperthwaite et al 2017). Thus, an ISM enriched in these unstable isotopes may
not require extremely recent star formation. Moreover, the presumed dependence of
plate tectonics on internal heat fueled by radioactive decay neglects the contribution
of the primordial heat generated during the formation of the Earth. While there is
a large amount of uncertainty in the relative contributions of Earth’s sources of in-
ternal heat, it appears that the heat flux from radioactive decay is roughly equal to
the flux from the Earth’s primordial heat (Collaboration et al 2011; Korenaga 2008).
Thus, even without a large supply of radiogenic heat, the heat flow at the modern
Earth’s surface would still be within a factor of ∼2 of what is observed today.
Star Cluster Phase
The vast majority of stars (and therefore planets) form within star clusters (e.g.
Lada and Lada 2003). Before these clusters disperse, their stars and planets inhabit
environments much denser than the typical galactic field star. The enhanced stellar
densities and the lower relative velocities of stars within clusters lead to star-star
encounters that are much closer and more powerful than those experienced in the
galactic field (Mottmann 1977; Ferna´ndez 1997). This then raises the possibility that
the stellar encounters experienced by a planetary system during the cluster phase
may be powerful enough to destabilize the planets’ orbits (Adams and Laughlin
2001). Although the small orbital semimajor axis of a planet similar to the Earth
would require an incredibly close stellar encounter to be directly perturbed (Laugh-
lin and Adams 2000), a much more modest stellar encounter could excite the orbit
of an outer planet such as Neptune, and this excitation can cascade in toward hab-
itable planets via planet-planet interactions (Adams and Laughlin 2001; Zakamska
and Tremaine 2004; Malmberg et al 2011).
Assuming a reasonable distribution of stellar masses (Adams and Fatuzzo 1996)
and a typical cluster stellar encounter velocity of ∼1 km/s, Adams and Laughlin
(2001) find that doubling the orbital eccentricity of a Neptune-like planet would
require a stellar passage within ∼225 AU. To completely destabilize a system of
planets like our own giant planets requires an even closer encounter inside ∼100
AU (Malmberg et al 2011). If we assume the planets’ parent star inhabited a star
cluster with a particularly high density of 103 stars/pc3, then the system would have
to remain in the cluster for ∼250 Myrs before an encounter within ∼225 AU would
be expected (Adams 2010). Of course, an encounter within 100 AU would require
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an even longer residence time. Meanwhile, the large majority of stars are actually
formed in embedded clusters, which disperse on timescales less than ∼10 Myrs
(Lada and Lada 2003). Only open clusters, which remain gravitationally bound after
their molecular gas disperses, survive for timescales longer than tens of Myrs, and
it appears that no more than ∼10% of stars are born into open clusters (e.g. Adams
and Myers 2001). Thus, it seems that if our solar system’s architecture is typical
of systems that host a habitable world, then the large majority of habitable planets
should be safe from dynamical disruption during their cluster phase.
Supernovae
Once a star leaves its cluster, it transitions to a much less crowded galactic envi-
ronment. However, even in such rarified environments, it remains possible for the
galactic environment to influence habitable planets. One potential way is through
high-energy events such as supernovae. Works on the potentially damaging effects
of a nearby supernova on Earth’s biosphere have appeared in the literature for many
decades (e.g., Terry and Tucker 1968; Ruderman 1974; Brakenridge 1981; Crutzen
and Bruhl 1996). One particularly biologically significant effect on the modern
Earth would be that high-energy photons released during the supernova event would
deplete the Earth’s ozone layer (Ruderman 1974). As a result the surface of the
Earth would subsequently be exposed to a greater fraction of the Sun’s UV radia-
tion, resulting in a less hospitable environment for life. In the original calculations,
Ruderman (1974) found that a supernova within 17 pc of Earth would result in an
80% reduction in Earth’s ozone layer that would persist for ∼2 years. Moreover, a
∼50% reduction could persist for centuries afterward due to the destructive effects
of cosmic rays also generated in the explosion. However, since that initial work,
atmospheric modeling has improved dramatically as well as our understanding of
supernovae and their radiation spectra. More recent estimates of the effect on the
Earth’s ozone layer find that the solar UV flux on Earth’s surface would only double
if a supernova occurred within 8 pc of the Sun (Gehrels et al 2003). While there
is evidence that supernovae have occurred within 100 pc of the Earth in the last 10
Myrs (Knie et al 1999; Erlykin and Wolfendale 2010; Breitschwerdt et al 2016),
supernovae within 8 pc are thought to occur of order once per Gyr. Thus, for a
galactic environment like the Sun’s significant alterations of planetary habitability
by supernovae should be relatively rare.
Gamma Ray Bursts
Even more energetic than supernovae are gamma ray bursts (GRBs), beamed, tran-
sient bursts of intense γ-rays. There are numerous types of GRBs of differing dura-
tion, and long GRBs (t >∼2 s) are believed to pose the greatest hazard to life based
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on their rate and high luminosities (Piran and Jimenez 2014). Analogous to super-
novae, if a GRB occurs near enough to Earth, the high temporary flux of γ-rays can
deplete the ozone layer and expose the biosphere to harsh UV radiation from the
Sun (Thorsett 1995). In fact, a typical luminosity GRB within 1–2 kpc of Earth may
cause an ozone depletion of ∼35%, which may be enough to trigger a mass extinc-
tion, one perhaps similar to the Ordivician-Silurian event (Thomas et al 2005b,a).
Using the observed GRB luminosity function and occurrence rates observed in the
local universe, Piran and Jimenez (2014) estimate a ∼50% chance that the Earth
has been exposed to a lethal GRB in the past 1 Gyr. Similarly, Li and Zhang (2015)
estimate that ∼1 lethal GRB has occurred near Earth in the last 500 Myrs.
However, studies on the biological hazards of GRBs still suffer from the uncer-
tainty about the nature of GRBs themselves. The most widely employed model for
the GRB progenitor is a collapsing, rapidly spinning high-mass star (MacFadyen
and Woosley 1999). The collapse of such a star into a black hole is thought to re-
sult in two relativistic jets briefly beaming γ-rays across the Universe. Given this, it
is expected that the rate of GRBs should scale with the star formation rate, which
is generally observed (Jimenez and Piran 2013). However, the local GRB rate also
seems to have a metallicity dependence wherein most nearby GRBs occur in galax-
ies with metallicities less then 10% of the Sun’s metallicity (Jimenez and Piran
2013). If it is assumed that the progenitor stars of GRBs must be approximately
this metal-poor, Gowanlock (2016) find that very few stars in the Milky Way should
have been sterilized by GRBs in the last Gyr, and these stars should be preferen-
tially located in the sparsely populated outskirts of the Galaxy. Thus, the threat of
a GRB-induced mass extinction is likely a scaling probability depending on the lo-
cal galactic star formation rate and metallicity, but the magnitude and nature of the
scaling remains uncertain due to our poor understanding of GRB progenitors.
Comet Bombardment
Another way the galactic environment can influence planetary habitability is simply
through its gravity. The gravity of the Milky Way’s disk is manifested as a tidal field
(in the vertical direction relative to the disk midplane) over small distance scales
(Heisler and Tremaine 1986). Moreover, when a field star passes near a planetary
system, it can impart a velocity impulse on orbiting bodies relative to their parent
star (O¨pik 1932). For orbits within tens of AU of the Sun, perturbations from the
Galaxy will be inconsequential (Laughlin and Adams 2000). However, the solar
system’s Oort cloud extends tens of thousands of AU from the Sun (Oort 1950). At
these huge orbital distances the tidal and stellar perturbations from the local galactic
environment are the main driver of orbital evolution (Duncan et al 1987). Over time
these perturbations isotropize inclinations and drive a diffusion in semimajor axis
(Weissman 1996). Most importantly, perturbations from the Galaxy drive a pseudo-
random walk in the perihelia of Oort cloud objects (Heisler and Tremaine 1986).
In fact, this is how long-period comets are driven into extremely eccentric orbits
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that take them near the Sun and Earth (Oort 1950; Wiegert and Tremaine 1999),
occasionally resulting in impacts on Earth (Weissman 2007).
Historically, it was thought that during most times, only Oort cloud objects in the
cloud’s outer periphery could evolve to potentially Earth-impacting orbits (Heisler
and Tremaine 1986). The reasoning for this is that the perihelia of distant Oort
cloud objects evolve quickly under the perturbations of the Galaxy, whereas the
Galaxy’s perturbations are normally too weak to produce rapid changes in the orbits
of more tightly bound Oort cloud objects (Hills 1981; Heisler and Tremaine 1986;
Duncan et al 1987). As a result, the perihelia of more tightly bound Oort cloud
objects cannot evolve from beyond the gas giants’ orbits to inside the Earth’s orbit
in a single revolution about the Sun. Because of this, these more tightly bound Oort
cloud objects will make perihelion passages in the Jupiter-Saturn zone of the solar
system before they ever attain a perihelion near Earth. During perihelion passages
in the Jupiter-Saturn zone, the gas giants will deliver energy kicks to the Oort cloud
objects that will ultimately drive their ejection to interstellar space, preventing them
from ever approaching Earth. Thus, it was thought that the modern catalog of LPCs
originated exclusively from the areas of the Oort cloud further than 20,000 AU from
the Sun.
The only exception to this process was thought to occur during comet showers
(Hills 1981; Hut et al 1987). These are caused by rare, extremely powerful encoun-
ters with field stars. During such an encounter, the perturbation on the Oort cloud is
so strong that any object is temporarily able to quickly circumvent the Jupiter-Saturn
zone and evolve to an Earth-crossing orbit. Thus, during these rare events, the Earth
can be exposed to potential impactors from the inner regions of the Oort cloud and
not just the outer periphery. Although the huge orbital periods and isotropic incli-
nations of long-period comets make them inefficient Earth impactors (Weissman
2007), the number of impacting long-period comets could increase by orders of
magnitude for a few Myrs during a comet shower, potentially triggering a mass ex-
tinction (Hut et al 1987). However, one of the main uncertainties of the importance
of comet showers is the population of the inner region of the Oort cloud. If there
are few objects orbiting in this area of the solar system, then comet showers cannot
result in many impacts on Earth. However, if there are many more objects in the
inner 20,000 AU of the Oort cloud than the more distant areas, then the effects of
comet showers on Earth could be quite severe.
Regarding the uncertainty in the Oort cloud population size, significant progress
was made in Kaib and Quinn (2009), when it was discovered that objects in the inner
20,000 AU of the Oort cloud could in fact evolve to become long-period comets that
pass near Earth during non-comet shower times. This occurs because before these
slowly evolving orbits receive energy kicks from the planets that are strong enough
to eject them, some of them first receive energy kicks that are only strong enough to
inflate their semimajor axes above ∼20,000 AU. With such large semimajor axes,
the perihelia of these objects can slide across the Jupiter-Saturn zone toward Earth
during their subsequent revolution about the Sun. An example of this process is
shown in Figure 1. Here an object with an initial semimajor axis of ∼6,000 AU
evolves to an orbital perihelion of∼17 AU. By the time this object is observed from
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Earth, its semimajor axis has been altered by the planets to ∼30,000, disguising its
region of origin in the Oort cloud.
Although the dynamical pathway from the inner region of the Oort cloud is less
efficient than that from the outer periphery of the cloud (Fouchard et al 2014), the
modern catalog of long-period comets can still be used to place an upper limit on
the number of bodies in the inner region of the Oort cloud. Kaib and Quinn (2009)
estimated that no more than ∼1012 comet-sized objects should reside in the entire
Oort cloud. Given this upper limit combined with the stellar kinematics of the solar
neighborhood, Kaib and Quinn (2009) argued that the most powerful comet shower
expected to have occurred since the Cambrian Explosion would be unlikely to trig-
ger a mass extinction. Thus, as with supernovae, comet showers are unlikely to have
had a significant effect on Earth’s habitability.
Very Wide Binary Stars
An interesting offshoot from the study of mass extinctions and comet showers was
the proposal of the Nemesis hypothesis (Whitmire and Jackson 1984; Davis et al
1984). This hypothesis argued that the Sun possesses an unseen red dwarf or brown
dwarf companion on an extremely wide, but very eccentric orbit. Each time the
companion makes a periastron passage, it delivers a severe perturbation to the Oort
cloud, triggering a mass extinction-causing comet shower on Earth.
Modern all-sky surveys have effectively ruled out the existence of such a massive
companion to the Sun (e.g., Kirkpatrick et al 2011), but ∼10% of other Sun-like
stars are actually members of very wide binary star systems, or gravitationally bound
stellar pairs separated by 103 AU or more (Dhital et al 2010; Le´pine and Bongiorno
2007; Longhitano and Binggeli 2010). While we have no idea if these systems pos-
sess Oort clouds like our own, we do know that many stars, perhaps most, possess
planets (e.g., Tuomi et al 2014; Dressing and Charbonneau 2013; Petigura et al
2013). Considering the direct interaction between planets and a very wide binary
companion raises another potential consequence of a Nemesis-like companion. If
its orbit is eccentric enough, consequences even more dramatic than comet showers
will result from its pericenter passages. Models of our Sun’s giant planets indicates
that slow stellar flybys within ∼100 AU will deliver such a strong gravitational per-
turbation to the Sun’s outer planets that they will be destabilized (Malmberg et al
2011). This typically results in an episode of planet-planet scattering in which one
or more planets are ejected and the orbital eccentricities of the survivors are greatly
increased. Very wide binary companions therefore have the potential to alter the
architectures of planetary systems via instabilities.
A planetary instability triggered by a very wide binary companion thus requires a
companion with a periastron of∼100 AU or lower, or an eccentricity of 0.9 or higher
(assuming a planetary architecture like the Sun’s). For any dynamically sculpted dis-
tribution of stellar orbits, we would expect that only a very tiny fraction of very wide
binary stars would possess such extreme eccentricities at any given time. However,
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from studies of the Sun’s Oort cloud, we also know that passing field stars and the
tide of the Milky Way perturb weakly bound orbits, and the same processes act-
ing on the Oort cloud will drive the dynamics of very wide binary stars (Jiang and
Tremaine 2010). We therefore expect that the periastra (and eccentricities) of very
wide binary stars will continually change under perturbations from the Milky Way.
Consequently, very wide binaries that have very eccentric orbits can evolve towards
circular orbits (and back), and very wide binaries that have circular orbits can evolve
to states of high eccentricities (and back as well).
This raises the prospect that many planetary systems within very wide binary
stars may form when the very wide binary has a low or moderate eccentricity. In
this case, the distant stellar companion never makes a close approach to its compan-
ion’s planets at any point in its orbit. After Gyrs of perturbation from the Galaxy,
however, this situation can change, and the stellar companion can temporarily attain
a very high eccentricity. In this state, the stellar companion begins strongly per-
turbing the planets of the other star as it passes very near them on each periastron
passage, and this may be enough to trigger an instability within the planetary system
billions of years after it formed. Thus, very wide binaries present a unique hazard
to planetary stability. Tighter binaries will have static orbits within the Milky Way’s
field environment. As such, they will either prohibit or allow the stability of certain
planetary architectures, and this should not change over the lifetime of the system.
On the other hand, most very wide binaries (assuming they have some smooth distri-
bution of orbital eccentricities) will allow the formation of a wide range of planetary
architectures. However, after the epoch of planet formation, every very wide binary
is continually perturbed by the Galaxy and has the potential to evolve into a highly
eccentric orbit that disrupts a once-stable planetary system.
This process of disruption has been found to be very prevalent among simulated
planetary systems within very wide binaries (Kaib et al 2013). An example of this
type of disruption is shown in Fig. 2. Here we see that a 0.1 M binary is placed
into an initially harmless orbit about the Sun and our four giant planets. However,
after ∼1 Gyr of evolution, perturbations from the Milky Way drive the periastron
of the binary down to ∼100 AU, which is low enough to excite the eccentricities of
the giant planets. After∼3.5 Gyrs, the companion makes another low-periastron ex-
cursion, which triggers an episode of planet-planet scattering that eventually ejects
Uranus. Finally, one last low periastron phase occurs after ∼7 Gyrs that removes
Neptune from the system. Such behavior is not rare. For planetary architectures like
our solar system, the effects of very wide binary companions have been studied for
binary semimajor axes between 103 and 3×104 AU and binary masses between 0.1
and 1 M. After 10 Gyrs of evolution (the approximate main sequence lifetime of
the Sun), a 0.1 M companion has a 20-30% probability of triggering an instabil-
ity causing the loss of one or more planets. For companion masses of 1 M this
probability increases to 50–70% (Kaib et al 2013). Moreover, there is evidence sug-
gesting that such instabilities have occurred within real planetary systems residing
within very wide binaries. The most common outcome of a strong perturbation on
a planetary system from a very wide binary companion is the initiation of planet-
planet scattering. This process is known to eject planets and generally increase the
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eccentricities of surviving planets (e.g., Rasio and Ford 1996), and Jovian mass
planets within very wide binaries have been shown to have significantly higher ec-
centricities than Jovian mass planets around isolated stars (Kaib et al 2013). This is
consistent with the idea that planetary systems within very wide binaries are more
prone to episodes of planet-planet scattering than planets around isolated stars.
This process of planetary system disruption can have dramatic consequences on
planetary habitability. Although very wide binary companions are most likely to
directly perturb the outermost planets of a system and unlikely to directly perturb
planets in the habitable zone, their perturbation to outer planetary systems can touch
off global instabilities. The eccentricities excited in the outer regions of the plan-
etary system can easily cascade into the inner regions (Zakamska and Tremaine
2004). Moreover, planetary instabilities can dislodge large reservoirs of previously
stable small bodies, dramatically increasing the impact rate on planets in the habit-
able zone (e.g., Gomes et al 2005). Thus, although many galactic processes have
proven to have a limited influence on Earth’s habitability, gravitational perturbations
from the Galaxy can have dire consequences for habitable planets within very wide
binaries. In addition, the studies to date of this process focus on the perturbations
associated with the solar neighborhood. The effects of denser environments closer
to the Galactic center can be crudely studied by scaling up the solar neighborhood’s
perturbations. Doing so causes even more orbital variation among very wide binaries
and more planetary system disruption events (Kaib et al 2013). We should expect
the habitability hazards from very wide binary companions to increase toward the
Galactic center and diminish further away.
Galactic Habitable Zone
Over the years many aspects of the local galactic environment’s influence over the
habitability of planets have been considered, and this inspired the concept of the
“galactic habitable zone” (Gonzalez et al 2001). Gonzalez et al (2001) argued that
only certain regions of the Milky Way should possess habitable planets. This work
mainly focused on the distribution of metals (or atoms more massive than H or
He) within the Galaxy. Namely, it was thought that Earth-mass planets would be
devoid of plate tectonics (and therefore climate regulation) in metal-poor regions
of the Galaxy and regions with even lower metallicity should be devoid of rocky
planets completely. As we have seen, recent studies of the Earth’s heating indicate
that a substantial portion of the Earth’s internal heat is not derived from radiogenic
isotopes (whose abundances are linked to galactic metallicity). As a result, there
may not be as strong of a correlation as initially thought between the prevalence of
plate tectonics and the Galaxy’s metallicity gradient. Furthermore, although there
must be some critical stellar metallicity that prohibits the formation of rocky planets
(rocky planets obviously cannot form in the complete absence of metals), recent
studies suggest that low-mass planets are prevalent around stars that are substantially
more metal-poor than those thought to be too metal-poor to form gas giants. Thus,
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the impediments that the local galactic metallicity present against the formation of
habitable planets seem to be less rigid than previously supposed.
In addition, the galactic habitable zone concept argued that the interior regions of
the Milky Way, while generally metal-rich, would pose new obstacles to habitable
planets in the form of comet showers, nearby supernovae, and gamma ray bursts
(Gonzalez et al 2001; Lineweaver et al 2004). However, as we have seen in previous
sections, the most recent modeling work suggests that only supernovae within about
8 pc of Earth would erode the ozone layer by 50%, and it is unclear if ozone de-
pletion at this level is enough to dramatically alter Earth’s habitability. Like galactic
metallicity, there is likely some critical spatial density of supernova above which
planets become sterilized, but this density is likely higher than initially thought.
Moreover, the metallicity dependence of gamma ray bursts may confine them to the
least populated regions of the modern Milky Way.
Another potential galactic hazard within crowded areas of the Galaxy are comet
showers. However, our own Oort cloud has been shown to have too few objects in
its inner region for comet showers to pose a major hazard to Earth’s habitability.
This finding is of course based on our own planetary system. The population size
and structure of analogous clouds around other stars will be dependent on the archi-
tecture of the planetary system and the local galactic environment that the planetary
system inhabits (Ferna´ndez 1997; Brasser et al 2010; Kaib et al 2011; Lewis et al
2013). Nevertheless, there is a general trend that Oort cloud formation in denser re-
gions (closer to the Galactic center) results in a more tightly bound cloud that is more
difficult to perturb (Kaib et al 2011), so the Oort clouds of stars in more crowded
regions of the Galaxy may require stronger stellar passages to trigger comet show-
ers. With so much uncertainty in the strength of comet showers, it is difficult to say
where the galactic habitable zone boundary set by comet showers would lie in the
Milky Way (or even if such a boundary actually exists).
The planetary regime in which the galactic environment seems to play the most
definitive role in habitability is for planetary systems within very wide binary star
systems. Here denser portions of the Galaxy will more strongly perturb very wide
binaries, making them more likely to evolve to a very low periastron and disrupt
their planetary systems. Nevertheless, there are diminishing returns to increasing
galactic density. The same perturbations that drive binaries to high eccentricity also
unbind them from each other (Bahcall et al 1985; Jiang and Tremaine 2010; Kaib
and Raymond 2014). Once binary companions are dissociated they will no longer
threaten one another’s planets. Thus, although very wide binary companions will
be less dangerous to planetary systems (and planetary habitability) in low density
regions of the Galaxy and more dangerous in high density regions, there should
be no regions that completely prohibit habitable planets within very wide binary
systems.
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Radial Migration
As we have seen, there are many ways that a star’s local galactic environment can
impact the habitability of its planets. A further complication to this is the recent
discovery that most stars’ galactic environments may vary dramatically over their
lifetimes. The seminal work of Sellwood and Binney (2002) demonstrated that an-
gular momentum transfer between the stars and the spiral arms of a disk galaxy
can cause the stars’ orbital radii to fluctuate by several kiloparsecs over Gyr time
periods. Modeling the formation of a Milky Way-type galaxy, Rosˇkar et al (2008)
confirmed this migration and found that, on average, stars with solar-like ages and
orbits about the Galactic center can be expected to have formed 2–4 kpc closer to
the Galactic center than the Sun’s current position (Kaib et al 2011). Moreover, re-
cent work has shown that this radial migration is expected to flatten and add scatter
to the Milky Way disk’s stellar metallicity gradient, which is consistent with ob-
servations (e.g. Loebman et al 2016; Hayden et al 2015). In this context, the most
metal-rich stars at a given galactocentric distance are those that are expected to have
migrated outward the most, forming from metal-rich gas nearer the Galactic center
and moving outward over time (Loebman et al 2016). Thus, the typical planetary
system may sample a large range of galactic environments over its history, forming
in more crowded regions before inhabiting more dispersed regions later.
Conclusions
The Galaxy can influence planetary systems in a number of ways. The local metal-
licity of the ISM likely affects the prevalence of rocky planets and the degree of
internal heating within them. However, there is evidence that stars with significantly
subsolar metallicities can form rocky planets, and metallicity will have no impact on
the internal heating that results from the planets’ formation. After planetary systems
form, they are subjected to powerful stellar encounters while the still inhabit their
stellar birth clusters, but to alter the orbits of a planetary system like our own, the
cluster must last 1–2 orders of magnitude longer than the typical cluster lifetime. In
addition, close supernovae and GRBs can alter planetary climate through a substan-
tial erosion of the ozone layer, but it is not clear what level of ozone depletion is
necessary to cause a mass extinction or a substantial change in planetary habitabil-
ity. Supernova-induced ozone depletions of 50% or more occurring on hundred Myr
timescales would require local stellar densities and star formation rates substan-
tially higher than the solar neighborhood’s. Meanwhile, the metallicity dependence
of GRBs is still not understood, and this may confine them to distant, unpopulated
regions of the Milky Way. Increased bombardment from comet showers can also be
caused by the Galaxy, as these events are triggered by close flybys of passing field
stars. However, in the case of the solar system such events are unlikely to be a cause
of mass extinctions, and there is reason to believe that the structure of comet clouds
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would change to limit the increase in comet shower threat associated with denser
portions of the Galaxy.
Perhaps the most potent hazard to habitability from the Galaxy occurs within
planetary systems residing within very wide binary star systems. In these systems,
the distant stellar companion dynamically links the planetary system with its larger
Galactic environment. Perturbations from passing field stars and the local galactic
tidal field can eventually drive the orbit of the very wide binary star through brief
periods of very high eccentricity, which cause it to deliver strong perturbations to
the planetary system during periastron passage, potentially destabilizing planets and
altering the survivors orbital architecture. This hazard to planetary stability and hab-
itability will generally increase with the local density of the galactic environment,
but this increase will be limited by the shorter binary lifetimes associated with higher
galactic densities.
The most recent work studying the galactic environment’s effects on planetary
systems has altered the concept of the galactic habitable zone. Rather than there
existing a well-defined thin annulus of the Milky Way’s disk that can host habit-
able planets and vast swaths that cannot, we should view galactic habitability as a
sliding scale. In general, there are regions of the Galaxy that should be somewhat
more hospitable to habitable planets and other regions that are somewhat less hos-
pitable. The exceptions to this would seem to be the very densest regions of the
Galaxy, which would pose a continuous supernova hazard to planets and the most
metal poor regions of the Galaxy, which may be unable to form systems with rocky
planets. However, because of our lack of understanding of planet formation and the
atmospheric consequences of high-energy events, we are currently unable to define
the hard boundaries of the extreme areas of the Galaxy where these two effects com-
pletely inhibit habitable planets. Moreover, the radial migration of stars within spiral
galaxies further complicates the situation, as stars can navigate in and out of differ-
ent regions of the Galaxy. Thus, we can only conclude that the large majority of the
Galaxy is likely to permit the existence of habitable worlds with varying levels of
hazards.
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Fig. 1 An example of an object from the inner region of the Oort cloud evolving to a perihelion
near 1 AU. The object’s semimajor axis is plotted against its perihelion with a diamond data point
each time it crosses the r = 35 AU boundary of the solar system. The star marks the beginning of
the orbital evolution, and the square marks the end. The approximate locations of the giant planets
are marked along the perihelion axis with the planets’ initials. The gray shaded region marks the
region of the Oort cloud traditionally assumed to be the source of all observed long-period comets.
This figure first appeared in Kaib and Quinn (2009).
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Fig. 2 An example of the orbital evolution of the Sun and the four giant planets when given a very
wide binary stellar companion with mass 0.1 M. The stellar companion’s semimajor axis and
periastron are plotted against time with the black dotted and solid lines, respectively. The orbital
perihelia and aphelia of Jupiter, Saturn, Uranus, and Neptune are plotted against time with red,
yellow, cyan, and blue lines, respectively. This figure first appeared in Kaib et al (2013).
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